Transcription and translation are under tight spatiotemporal regulation among cells to coordinate multicellular organization. Methods that allow massively parallel detection of gene expression dynamics at the single cell level are required for elucidating the complex regulatory mechanisms. Here we present a multiplex nanobiosensor for real-time monitoring of protein and mRNA expression dynamics in live cells based on gapmer aptamers and complementary locked nucleic acid probes. Using the multiplex nanobiosensor, we quantified spatiotemporal dynamics of vascular endothelial growth factor A mRNA and protein expressions in single human endothelial cells during microvascular self-organization. Our results revealed distinct gene regulatory processes in the heterogeneous cell subpopulations.
Introduction
In multicellular processes such as cellular self-organization during tissue development and regeneration, cells are subjected to spatiotemporal regulation directed by cell-cell communication and environmental stimuli for forming complex tissue architectures [1] . Gene expressions in each cell are dynamically regulated throughout various synthesis and degradation pathways [2, 3] . The abundances of mRNA and protein are often poorly correlated due to the diverse regulatory mechanisms, such as transcription factors, cis-regulatory RNA elements, post-transcriptional modifications, RNA interference, RNA binding proteins, and ubiquitination [4, 5] . Effective methods for massively parallel detection of transcription and translation dynamics at the single cell level are required for defining cell states and elucidating the multicellular organization process.
Multiplex detection of mRNA and protein expression in a single cell can be performed in fixed and isolated cell samples using combinations of proximity ligation assays, RNA-seq, digital PCR, RNA in situ hybridization, and immunostaining [6e9]. Features of cell-cell coordination and dynamic regulatory schemes in multicellular processes, however, are inherently lost by study of cells in isolation and fixation. Fluorescent protein tagging systems, such as MS2 and SunTag, are available for dynamic gene expression analysis in a single cell [10, 11] . These techniques have been applied for realtime observation of translation of single mRNA molecules in live cells [12e14] . Nevertheless, fluorescent protein tagging systems require genetic modifications, which are often impractical for studying endogenous molecules. Transfection of multiple reporter constructs in primary human cells with high yield is also challenging for probing multicellular processes during tissue morphogenesis and regeneration [15] .
To address the need for high-throughput single cell analysis, we developed a nanobiosensor for intracellular detection of mRNA expression in live cells and tissues [16e18] . The nanobiosensor consists of locked nucleic acid (LNA) probes and gold nanorods (GNRs). The GNR spontaneously binds to the probes to form a GNR-LNA complex and effectively quenches the fluorophores conjugated to the LNA probe. The GNR also enables endocytic delivery of LNA probes into live cells without transfection or microinjection, facilitating massively parallel detection of gene expression dynamics in multicellular communities. With a target mRNA molecule, the LNA probe, which is the complementary sequence, is thermodynamically displaced from the GNR, allowing the fluorophores to fluoresce. The reversible binding reaction allows dynamic gene expression analysis in live cells and tissues. The nanobiosensor has been applied for investigating injury induced response in mouse cornea [17] , photothermal ablation induced heat shock response in lung tissues [16] , dynamic regulation of Notch1-Dll4 signaling during microvascular self-organization [18] , the formation of leader cells during collective cell migration [19] , and Nrf2 mediated chemoresistance in KRAS G12D mouse lung tumor [20] . Nonetheless, multiplex single cell detection of transcriptional and translational dynamics with high resolution during cellular self-organization remains a challenging task.
In this study, we report a multiplex nanobiosensor for monitoring mRNA and protein expression dynamics in live cells simultaneously by establishing a gapmer aptamer design along with complementary LNA probes and GNRs. The gapmer aptamer nanobiosensor is optimized for detecting intracellular protein expression and distribution with high specificity and stability in live cells. The multiplex nanobiosensor is applied to monitor vascular endothelial growth factor A (VEGF-A) mRNA and protein expressions during microvascular self-organization. The nanobiosensor simultaneously tracks the mRNA and protein expressions in hundreds of cells for over 20 h, resulting in more than 100,000 expression data points along with spatial and morphological information of individual cells in a single experiment. This technique enables us to monitor the dynamic VEGF protein and mRNA from the subcellular level to the population level. The results reveal diverse mRNA and protein expression patterns in the heterogeneous subpopulations of endothelial cells, suggesting distinct gene regulation mechanisms involved in the self-organization of the multicellular community. The capability of the nanobiosensor for massively parallel mRNA and protein detection in single live cells provides a versatile detection method for identifying functional cell subpopulations and studying the gene regulatory networks in multicellular processes.
Results

Intracellular protein detection with gapmer aptamer
An intracellular protein nanobiosensor was developed by incorporating molecular aptamers into the GNR-LNA nanobiosensor ( Fig. 1a ). Unlike previous aptamer biosensors [21e23], we designed the aptamer sequence with LNA monomers to enable intracellular protein detection with high specificity and stability. Three aptamer probe designs including DNA aptamer, gapmer aptamer, and alternating aptamer were synthesized ( Fig. 1b and Supplementary Table 1 ) [24] . A fluorophore (6-FAM) was conjugated to the 5 0 end of each aptamer probe. In this intracellular nanobiosensor, the fluorophore-labeled aptamer is displaced from the GNR and fluoresces only with the existence of a target protein. The binding affinities of the aptamer probes with GNR were characterized and optimized for VEGF protein detection ( Supplementary Fig. 1a-b ). Endocytic internalization of GNRs enabled delivery of the nanobiosensor into cells with high efficiency and minimal toxicity for massively parallel detection of single cells and high-resolution imaging ( Fig. 1c-d) [25] . The gapmer aptamer with LNA modification in both ends of the sequence was quenched by the GNR effectively and had the highest binding affinity to VEGF protein among all aptamer probes. Consistently, the gapmer aptamer resulted in the highest contrast for high-resolution imaging in live human umbilical vein endothelial cells (HUVEC) ( Supplementary Fig. 1c ). The nanobiosensor was also capable of detecting autoregulation of VEGF and thrombin-induced VEGF expression in microvascular structures self-assembled on basement membrane matrix ( Fig. 2 and Supplementary Fig. 2 ). The increase in VEGF expression was in good agreement with previous VEGF studies [26, 27] , supporting the applicability of the aptamer nanobiosensor for intracellular protein detection. The specificity of the gapmer aptamer was verified by VEGF knockdown with RNA interference ( Supplementary Fig. 3 ). Since the gapmer aptamer design had the highest signal-to-noise ratio, it was utilized for detecting intracellular VEGF protein in this study.
Simultaneous detection of mRNA and protein in single live cells
For simultaneous detection of VEGF mRNA and protein, a complementary nucleic acid probe sequence was designed and labeled with a different fluorophore (TEX 615). The nucleic acid probe consisted of alternating LNA-DNA monomers, which were previously optimized for intracellular mRNA detection [16e18] . Both fluorophores labeled on the mRNA and protein probes were quenched due to GNR's fluorescence quenching ability. Simultaneous detection of VEGF mRNA and protein was demonstrated in HUVEC microvascular structures ( Fig. 1c and Supplementary   Fig. 4a ). A housekeeping gene, b-actin mRNA, was also incorporated to verify the uniformity of probe delivery ( Supplementary   Fig. 4b ). The level of b-actin expression was uniform among the cells and maintained a constant level ( Supplementary Fig. 5 ). Unlike transfection of molecular beacons and double-stranded probes [28e30], the nanobiosensor was delivered into the cytoplasm without nuclear accumulation ( Supplementary Fig. 1c ). Dynamic single cell analysis of the intracellular distribution and colocalization of VEGF mRNA and protein could be performed by incorporating high-resolution imaging ( Fig. 1d ).
Intracellular imaging in heterogeneous subpopulations with distinct phenotypes
We demonstrated the capability of the multiplex nanobiosensor for probing microvascular self-organization over 20 h. This microvascular self-organization assay captures the cell migration, sprouting and elongation steps during microvascular development [31e33]. In agreement with previous studies [18, 32] , heterogeneous cell subpopulations with distinct morphologies and phenotypes, including aggregating cells, sprouting cells and elongating cells, were observed in the experiment (Fig. 3a ). The aggregating cells assembled with other cells in the nodes and maintained low values of cell perimeter and area. The sprouting cells, which connected to other cells on one end, displayed steady increases in cell perimeter and area. In contrast, the elongating cells, which connected to neighboring cells on both ends, displayed rapid increases in cell perimeter and area during microvascular self-organization. Similar microvascular networks were observed with and without the nanobiosensors ( Supplementary Fig. 2 ). This observation suggests the nanobiosensor does not significantly interfere with the microvascular self-organization process.
We incorporate high-resolution imaging to investigate the spatial distribution and colocalization of VEGF mRNA and protein in these cell subpopulations during microvascular network formation ( Fig. 3b-d) . Overall, the gene expression distributions in endothelial cells were non-uniform and displayed distinct signatures among the cell subpopulations. Transient "hotspots" of VEGF mRNA and protein colocalization were observed in cells. In aggregating cells, the colocalization hotspots were observed throughout the experiment. This observation was supported quantitatively by analyzing the pixel values above the threshold ( Supplementary Fig. 6 ). The Pearson's correlation coefficient of aggregating cells maintained a high value (over 0.9) throughout the experiment. Sprouting cells also displayed a high level of VEGF mRNA and protein colocalization initially (correlation coefficient over 0.9). The correlation coefficient decreased and maintained an intermediate level (correlation coefficient between 0.7 and 0.8) after the first hour of microvascular self-organization ( Supplementary Fig. 7 ). In contrast, elongating cells displayed transient dynamics of colocalization hotspots in the experiment. Colocalization hotspots were mainly observed at the beginning of the experiment. The correlation coefficient decayed rapidly in the first hour and fluctuated at a low level of mRNA and protein colocalization (correlation coefficient between 0.5 and 0.7) compared to sprouting and aggregating cells. These observations suggest the heterogeneous subpopulations have distinct expression patterns.
Dynamic gene expression profiling of VEGF mRNA and protein in single cells
The nanobiosensor allows dynamic monitoring of the VEGF mRNA and protein expression levels at the single cell level. We, therefore, investigated the VEGF mRNA and protein dynamics in individual cells during the early stage of microvascular selforganization. In general, the mRNA and protein expression levels are the results of transcription, mRNA degradation, translation, and protein degradation. Close examination of mRNA and protein expression dynamics reveals diverse gene expression behaviors for the cell subpopulations. Fig. 4 shows the expression profiles of representative cells of each subpopulation. For aggregating cells ( Fig. 4a, cells 1e3 ), the levels of VEGF mRNA were approximately constant and the protein levels increased monotonically. As demonstrated by a computational model of expression kinetics ( Supplementary Fig. 9-10 ), this behavior is anticipated when the translational rate is constant.
Interestingly, transcriptional control was observed in other cell subpopulations. For instance, sprouting cells displayed a transient increase in VEGF mRNA and gradually decreased after the first hour (e.g., cells 4e5). The decrease in VEGF mRNA could be a result of a reduction of transcription rate or an increase in mRNA degradation rate. A longer duration of VEGF mRNA increase was also observed in some cells (e.g., cell 6). Despite the heterogeneous expression dynamics, the VEGF protein expressions generally followed the expression dynamics of VEGF mRNA for the majority of cells. A delay of the protein dynamics, which was presumably due to the time scales of translation and maturation of VEGF protein, was observed in the cells. This observation suggests that gene expression dynamics were primarily controlled at the transcription level in these cells. For elongating cells (cells 7e9), the level of VEGF mRNA increased initially and gradually decreased after a short duration, similar to sprouting cells. The duration ranged from 30 min to over 120 min, resulting in more diverse expression profiles for elongating cells. Interestingly, a large variation of VEGF protein dynamics relative to the VEGF mRNA was also observed for elongating cells. In particular, a reduction in VEGF mRNA expression level did not always result in a decrease in VEGF protein. Since the VEGF protein level is the combined result of translation and degradation, the results suggested additional mechanisms of translational control of VEGF expression, such as modification of the VEGF degradation pathway (e.g., proteases), are involved in elongating cells.
Correlation of mRNA and protein levels at the population scale
The multiplex nanobiosensor is capable of detecting VEGF protein and mRNA expressions in a large number of cells simultaneously. By developing a custom-design image analysis program, we studied the correlation of mRNA and protein expressions at the population scale ( Fig. 5a and Supplementary Fig. 11 ). The correlation between mRNA and protein expression levels were determined at different time points. The data revealed significant deviations between mRNA and protein expressions at the beginning of the experiment. The correlation coefficients R 2 fluctuated between 0.792 and 0.845 in the first hour. The computational model was also applied to predict the correlations between mRNA and protein expressions using the experimental data at 5 min as the initial condition (Fig. 5b ). The computational model correctly predicted similar values of correlation coefficients (from 0.767 to 0.8621) at the early stage of microvascular self-organization. We then studied the correlation between mRNA and protein expressions between 1 and 12 h during microvascular self-organization using the multiplex nanobiosensor and computational model (Fig. 5 ). The correlation coefficient increased gradually between 1 and 12 h from 0.8330 to 0.9251. In agreement, the computational model predicted an increasing trend of the correlation coefficient. The values increased from 0.8256 to 0.9972. These results collectively suggest that initial expression levels as well as the kinetics in protein translation and maturation had significant effects on the correlation between VEGF protein and mRNA, providing a possible explanation for the low level of correlation at the beginning of the experiment. For a time scale compatible with protein expression and maturation (e.g., 1e12 h), the initial randomness of the expression levels had a much smaller influence on the correlation between mRNA and protein expressions. 
Discussion
In this study, a multiplex nanobiosensor is developed for monitoring intracellular mRNA and protein expression dynamics in live cells. By incorporating LNA monomers in the aptamer sequence, we circumvented the stability issue of aptamers for intracellular protein detection. Using VEGF autoregulation, thrombin stimulation, and siRNA knockdown, the binding affinity, signal-to-noise ratio and stability of the aptamer designs were characterized and optimized for intracellular VEGF detection in HUVEC cells. The gapmer aptamer probe with LNA monomers in both ends of the sequence possessed the best signal-to-noise ratio and performance for intracellular protein detection. This gapmer strategy can be applied, in principle, when a DNA or RNA aptamer is available. Otherwise, affinity-based selection and optimize will be required to identify an aptamer. By incorporating the gapmer aptamer for protein detection along with an alternating LNA/DNA probe for mRNA detection, a multiplex nanobiosensor was established for investigating VEGF expression dynamics. This multiplex nanobiosensor was capable of detecting multiple genes, such as VEGF mRNA, VEGF protein, and b-actin mRNA, in the same cell.
We applied the multiplex nanobiosensor to monitor VEGF mRNA and protein expression dynamics during microvascular selforganization. The expression dynamics of VEGF mRNA and protein at the subcellular, single cell and population levels were monitored during microvascular self-organization.
Multiplex detection at both transcriptional and translational levels in live cells has been a challenging task. Despite the recent development in single cell analysis, there is a lack of effective approaches for simultaneous monitoring of mRNA and protein in the same cell dynamically [34] . Current methods of single cell analysis typically do not allow multiplex detection and are often limited to a specific time point due to the requirement of cell fixation or lysis [6e9]. Fluorescent protein tagging systems represent a powerful platform for live cell imaging [10, 11] . Real-time imaging of translation on single mRNA transcripts in live cells was demonstrated for studying intracellular dynamics of protein synthesis, transport, and localization [12e14]. Multiplex detection of a large number of cells with fluorescent protein tagging systems, however, can be hindered by the requirement of genetic modifications, the availability of high-affinity binding motifs, and the efficiency of transfecting multiple reporter transcripts in the same cells [15] . These issues are particularly challenging for delicate primary human cells. On the other hand, our approach provides an effective method for monitoring the gene expression dynamics during multicellular processes. The multiplex nanobiosensor allows not only highresolution imaging of gene expression dynamics but also massively parallel detection of mRNA and protein dynamics for a The multiplex nanobiosensor revealed unexpected gene regulatory mechanisms in the cell subpopulations during microvascular self-organization. Autonomous organization of angioblasts and vascular progenitors with distinct phenotypic behaviors was observed during microvascular development for decades [35] . Nevertheless, the molecular processes driving the distinct phenotypes during the self-organization process remained elusive. We addressed these fundamental questions by performing dynamic gene expression analysis along with phenotypic characterization of human endothelial cells. As indicated by colocalization hotspots inside the cells, single cell expression dynamics, and correlation analysis at the population level, VEGF was highly dynamic during the early stage of the microvascular self-organization process. The combination of experimental and computational analyses suggest that VEGF expressions were controlled at multiple levels and depended on the subpopulations. Aggregating cells maintained a relatively constant level of VEGF mRNA and expressed VEGF protein continuously in the early stage of the process. This observation is in good agreement with the suggested roles of aggregating cells in attracting cells at the centers of the autocrine gradients during microvascular self-organization [33] . On the other hand, sprouting and elongating cells displayed transient expression dynamics controlled at both transcriptional and translational levels, as indicated by single cell expression dynamics and intracellular gene expression patterns. The single cell dynamic data along with the computational model also shed light on the apparent discrepancy of the mRNA and protein expressions at the beginning of the process. The expression kinetics of transient genes and initial randomness in the expression level may potentially explain the poor correlation of mRNA and protein in other studies. Collectively, our results suggest areas of systematic investigation of the mechanisms of transcriptional and translational control and underscore the significance of dynamic multiplex detection of single cells for investigating complex multicellular processes.
Materials and methods
Multiplex nanobiosensor design
The multiplex nanobiosensor consists of GNR, mRNA probes, and aptamer probes. The mRNA probe is a single-stranded 20-base nucleotide sequence with alternating LNA/DNA monomers. The mRNA probe was labeled with a fluorophore (TEX615) at the 5 0 end for mRNA detection. The design procedure of mRNA probe was reported previously [36] . Briefly, the LNA probe was designed to be complementary to a loop region of the target mRNA structure. The secondary structures, binding affinity, and specificity were optimized using the mFold server and NCBI Basic Local Alignment Search Tool (BLAST) database. The aptamers are nucleic acid sequences identified using an iterative enrichment technique. Oligos with high affinity and specificity to the target protein or cell are isolated from a large random sequence pool with multiple rounds of selection. For instance, Systematic Evolution of Ligands by Exponential Enrichment (SELEX) is one of the iterative enrichment methods used to identify aptamers [37] . In our study, the aptamer sequence (5 0 -3 0 , CAATTGGGCCCGTCCGTATGGTGGGT) for VEGF protein detection was acquired from the literature [24] . Three protein probes, DNA probe, gapmer probe, and alternating probe, were designed by adjusting the number and location of LNA monomers ( Supplementary Table 1 ). To characterize the uniformity of probe loading, three different probes, VEGF mRNA, VEGF protein and b-actin mRNA, were designed with different fluorophores (Supplementary Table 2 ). To minimize fluorescence bleed-through between fluorophores, two fluorophores that are further apart (6-FAM and TEX 615) were utilized to detect VEGF protein and mRNA (Supplementary Table 3 ). The gapmer aptamer probe was labeled with a fluorophore (6-FAM) at the 5 0 end for VEGF protein detection, the alternating LNA/DNA probe was labeled with a fluorophore (TEX 615) for VEGF mRNA detection (Supplementary Table 3 ). A b-actin mRNA probe was designed as a control. All LNA probes and corresponding target DNA sequences for calibration were synthesized by Exiqon Inc.
Preparation of multiplex nanobiosensor
GNRs with 10 nm axial diameter and 67 nm length were acquired from Nanopartz, Inc. GNRs were modified with MUTAB with positive surface charge. All the probes (aptamer probes and mRNA probes) were prepared in 1Â TriseEDTA buffer at a concentration of 100 nM. The probes were incubated at 95 C for 5 min in a water bath and cooled down to 70 C over the course of 1 h. GNRs were incubated with the probes at 70 C for 30 min and cooled down to room temperature slowly. The GNR probes were then incubated with cells at a concentration of 2 Â 10 11 particles/ml for 4 h for cellular uptake when the cells reached about 80% confluency.
Cell culture and reagents
Human umbilical vein endothelial cells (HUVECs, Lonza) were cultured in EBM-2 medium (endothelial growth basal medium, Lonza) and supplemented with 2% fetal bovine serum (FBS), 0.1% human epidermal growth factor, 0.1% R3-insulin-like growth factor-1, 0.1% ascorbic acid, 0.04% hydrocortisone, 0.4% human fibroblast growth factor b, 0.1% heparin, and 0.1% gentamicin/ amphotericin B. The cells were cultured in an incubator at 37 C with 5% CO [2] with medium change every two days. The cells were washed using 1Â PBS and harvested using 0.25% Trypsin-EDTA (Invitrogen) when the cells became confluent. HUVECs from passage 2e7 were used in the experiments. For siRNA experiments, HUVECs were seeded at a density of 1 Â 10 5 cells/mL with a volume of 2 mL in 6-well plate, and cultured overnight. The cells were then transfected with 20 nM siRNA from Qiagen (Valencia, CA, USA) using the Lipofectamine LTX Reagent (Fisher Scientific), following the manufacturer's instructions, and incubated for 48 h. Cells were then incubated with the multiplex nanobiosensor for endocytic uptake. Cells were imaged after 4 h of incubation.
In vitro microvascular organization
Growth factor reduced Matrigel (Corning ® Matrigel ® Matrix) was thawed overnight on ice and added to glass-bottom 24-well plates (MatTek Corporation). After 30 min incubation at 37 C for gelation, HUVECs were seeded onto the solidified gel at a density of 250 cell/mm 2 . The 24-well plate was placed in a microscope incubator (Okolab) equipped for live-cell imaging. Spatiotemporal mRNA and protein expression dynamics were then monitored during microvascular self-organization.
Imaging and data analysis
For VEGF protein detection, bright-field and fluorescence images were captured using an inverted microscope (Nikon, TE2000-U) with an HQ2 CCD camera (SensiCamQE, Cook Cork.). All fluorescence images of endothelial cells were taken with the same settings with a 1 s exposure time for comparison. For simultaneous detection of VEGF mRNA and protein expression dynamics, timelapse microscopy of microvascular self-organization was performed using a confocal single molecule detection platform (Leica TCS SP8) with an interval of 5 min. The Z-stack images were acquired with an optical slice thickness of 1 mm and separate exposures of two different channels (6-FAM, excitation: 488 nm, emission: 535 nm; TEX 615, excitation: 591 nm, emission: 613 nm). Experiments were repeated independently at least three times. Data collection and imaging analysis were performed using Leica Application Suit and Matlab. The mRNA and protein levels were quantified by measuring the fluorescence intensity. A customdesign Matlab image processing program was used to quantify single cell intensity at different channels. Briefly, the original images were converted to grayscale intensity images. A flat, diskshaped structural element was created and morphological operations were applied to remove the background noise. Cell segmentation was then performed using an adaptive threshold. The intensities of each cell at different channels were then calculated individually. The scatterplot and histogram of VEGF mRNA and protein expression were generated accordingly.
Western blot
Cell lysates were collected in radioimmunoprecipitation buffer (RIPA buffer). Samples were subjected to 12% SDS-PAGE followed by transfer to PVDF membranes. Blotted membranes were incubated with rabbit anti-VEGF primary antibodies (Santa Cruz Biotechnologies, Santa Cruz, CA, USA) in blocking buffer overnight at 4 C, followed by incubation with alkaline-phosphatase-conjugated secondary antibodies (Sigma-Aldrich, St. Louis, MO, USA) for 1 h at room temperature. The blots were resolved using Western blue stabilized substrate (Promega, Madison, WI, USA).
Computational model of gene expression dynamics
A computational model was developed to study the dynamics of mRNA and protein expressions. In this model, the mRNA is synthesized at a rate of k m and degraded at a rate of d m . The protein synthesis process has two steps. The mRNAs are first translated into immature protein at a rate of k p and degraded at a rate of d p . The immature protein will then fold and form mature functional protein at a rate of k mp . The mature protein is degraded at a rate of d mp .
The kinetics of the synthesis process of mRNA and protein can be described by the following differential equations (1)e(3).
Here, dm/dt, dp/dt, and d pm /dt are the rates of change of mRNA [m], immature protein [p], and mature protein [p m ]. k m , k p and k mp are the first order transcription rate, translation rate and protein maturation rate, respectively. d m , d p , and d mp are the mRNA, immature protein, and mature protein first order degradation rates. The mRNA degradation rate is inversely to the mRNA half-life t m , d m ¼ ln(2)/t m . The protein degradation rate is the inverse of protein half-life, d p ¼ ln(2)/t p . As indicated in equation (1), the mRNA level [m], depends on the transcription rate and the mRNA half-life. The protein level depends on the number of mRNAs, translational rate, and protein half-life. This model can be solved analytically. The mRNA half-life and protein half-life can be acquired according to previous literature [38e40]. The transcription rate and translation rate were determined based on the experimental data. First, the mRNA and protein levels were quantified by measuring average fluorescence intensity using the nanobiosensor and calibration. A measurement of the relative amount of labeled mRNAs and proteins over time revealed the time scale of mRNA synthesis and protein synthesis. The simulation curves were then fitted by adjusting the transcription rate k m and translation rate k p . All the numbers were normalized from 0 to 1 for comparison. The reaction rates were assumed to be constant for studying the effect of transcriptional and translational control on the mRNA and protein expression levels.
Statistical analysis
Data are presented as mean ± s.e.m. Experiments were conducted in triplicate, and repeated at least three independent times. Student's t-tests were performed to analyze statistical significance between experimental groups. For comparing multiple groups, a one-way analysis of variance and Tukey's post hoc test were used. Statistically significant P values were assigned as follows: *, P < 0.05; **, P < 0.01 or ***, P < 0.001.
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